Abstract: 2-D(Two-dimensional) isotropic negative refractive index (NRI) is explicitly realized via the orthogonal signal and coupling standing-wave elds coupling the Ntype four-level atomic system. Under some key parameters of the dense vapour media, the atomic system exhibits isotropic NRI with simultaneous negative permittivity and permeability (i.e. left-handedness) in the 2-D x-y plane. Compared with other 2-D NRI schemes, the coherent atomic vapour media in our scheme may be an ideal 2-D isotropic NRI candidate and has some potential advantages, signi cance or applications in the further investigation.
Introduction
J.B. Pendry, et al. asserted that a medium with negative effective permeability can be achieved by the split-ring resonator (SRR) in free space [1] , which has been studied to increase the permeability of arti cial dielectrics in the 1952s [2] . Smith et al. combined the SRR with thin wires to design the NRI medium in 2000 [3] . And a year later, this SRR/wire composite medium was implemented and experimentally veri ed negative refraction for the rst time [4] . The implementation has given rise to the NRI media because of its exotic properties. In particular, the possible sub-wavelength resolving properties [1] have stirred much excitement and renewed interest in electromagnetic phe-nomena associated with NRI medium, rst investigated by Veselago in the 1960s [5] .
With the development of investigating the NRI media, the requirement of 2-D NRI media is emerging. And several schemes [6] [7] [8] [9] [10] [11] for 2-D NRI media have been proposed recently. However, most of the proposed 2-D NRI media are based on photonic crystal nanostructure or transmission line structure, and most of them are anisotropic, i.e., their exotic properties are polarization dependent, which is undesirable in certain potential applications, e.g., in "perfect lens" [1] . As an alternative, the arbitrary linear incident polarization via the printable NRI media have been proposed by C. Imhof et al. [12] .
Here, we rst explore the possibility of implementing 2-D NRI media by using the quantum coherence e ect [13] [14] [15] [16] in a four-level atomic system, which is driven by the orthogonal signal and coupling standing-wave elds. Thus, we can explicitly investigate the left-handedness and NRI of the resonant atomic system in the x-y plane. A few speci c NRI values exhibit circular and homogeneous distributions in the x-y plane, and the atomic system possesses negative permittivity and permeability simultaneously.
Model and equation
Consider a N-type four-level atomic system with two lower states | and | , two excited states | and | , which interacts with three optical elds, i.e., the weak probe light Ωp and two strong coherent coupling standing-wave elds Ωc(x), Ωs(y), respectively [see Figure 1 ]. Levels | and | have the same parity and level | , | with an opposite parity. Thus the electric and magnetic components of the weak probe light eld couple the electric-dipole transition | -| and the magnetic-dipole transition | -| , respectively. Such anthe atomic system may be realized in respectively. Ec, Es are the electric eld strength envelopes of the two orthogonal standing-wave elds.
is the wave vector with wavelengths λ i , (i= 1, 2) of the corresponding standing wave elds. And the two orthogonal signal and coupling standing-wave elds drive the transitions | -| and| -| , respectively. The frequency detunings of these three optical elds are ∆p, ∆c and ∆s, respectively. At a low temperature, the atoms are assumed to be nearly stationary and hence any Doppler shift is neglected. Under the rotating-wave approximations the equations of motion for the probability amplitudes of the atomic system in the x-y plane are given as follows,
where the electric and magnetic Rabi frequencies of the probe light are de ned by
respectively. Here, Ep and Bp denote the electric and magnetic eld strength envelopes of the probe light. The frequency detunings are de ned by ∆p=ω −ωp, ∆c=ω −ωc, and ∆s=ω − ωs. Where ωp, ωc and ωs are the mode frequencies of the probe and two orthogonal standing-wave elds. Γ , and γ in Equation (1) denote the spontaneous decay rates and the dephasing rate, respectively.
When the intensity of the probe light is su ciently weak and the temperature is very low, all the atoms remain in the ground state and the atomic population in level | is close to unity [17] without any Doppler shift. Under these conditions, the steady solutions of Equation (1) take the following forms
with the parameter
In the following, we consider the electric and magnetic responses of the N-type four-level atomic system interacting with two orthogonal stand-wave light elds. Considering the distinction between the applied elds and the microscopic local elds acting upon the atoms when discussing the detailed properties of the atomic transitions between the levels relating to the electric and magnetic susceptibilities, there is little di erence between the macroscopic elds and the local elds [18, 21] in the dilute vapour case. However, the polarization of neighbouring atoms gives rise to an internal eld at any given atom in addition to the average macroscopic eld. In order to achieve the negative permittivity and permeability one should consider the local eld e ect in dense media with closely packed atoms.
We rst obtain the atomic electric and magnetic polarizabilities, and then consider the local eld correction to the electric and magnetic susceptibilities of the coherent vapour medium. Using the de nitions of atomic microscopic electric and magnetic polarizabilities [18, 19] , we can arrive at the following parameters
In the above calculations, γe(x, y) =
and the relation between the microscopic local electric and magnetic elds Ep/Bp =c has been inserted.
We have obtained the microscopic physical quantities γe,m(x, y) . However, what we are interested in is the macroscopic physical quantities such as the electric permittivity and magnetic permeability. According to both the electric and magnetic Clausius-Mossotti relations [18, 19] , we can arrive at the relative electric permittivity εr(x, y) and magnetic permeability µr(x, y) as follows
where N denotes the atomic concentration.
Results and discussions
Here we will demonstrate the 2-D isotropic NRI can truly arise in the four-level coherent atomic vapour media interacting with two orthogonal standing-wave elds in the x-y plane. And the strong electric and magnetic responses can bring about simultaneously negative permittivity and permeability. For the sake of more closing to reality, several key parameters are adopted from the form investigation. The parameters for the atomic electric and magnetic polarizability are chosen as: the electric and magnetic transition dipole moments d = × − C · m and µ = . × − C · m s − [16] , respectively. The density of atom N was chosen to be × m − [21] . And the other parameters are scaled by γ = s − : Γ = . γ, Γ = . γ.
Because the dephasing rate is in general two or three orders of magnitude less than the spontaneous decay rates in a low-temperature vapour [22] , the dephasing rate γ is small and set to be − γ.
Then the three-dimensional plots depict the real part of relative permittivity Re{εr}, permeability Re{µr} and refraction index Re{n} of the atomic system dependent the probe detuning ∆ P as a function of (x, y), which are shown in Figures 2, 3 and 4 , respectively. As shown in Figure 2 , the real part of relative permittivity Re{εr} has the negative value in the x-y plane and the spike-like peak at the coordinate { . λ, . λ} in Figure 2 Figure 3 shows the the three-dimensional plots for the Re{µr}. It can be seen from Figure 3 that Re{µr} has negative values under the same condition as Figure 2 . As shown in Figure 3 from (a) to (d), the increasing peak values of Re{µr} are observed when ∆p was tuned to be . γ, . γ, . γ and . γ, in spite of the weaker magnetic response than the electric response in Figure 2 . What's more, we note that alone the x axis the distribution pattern of Re{µr} shows the evolution of n-like gradually into spike-like. Then an increasing magnetic response is shown when ∆p was gradually tuned increasingly. The simultaneously negative permittivity and permeability shown by Figure 2 and Figure 3 prove the 2-D left-handedness in the N-type four-level atomic system. However, what interested us most is the value and distribution of refractive index in the x-y plane. Figure 4 gives the contour plots for the real part of refractive index Re{n} in the x-y plane. The values indicated by the white arrows and distributions of the innermost contour lines corresponding to Re{n} attract our intention mostly. Two points are the innermost contour diagram in Figure 4 (a), and they get the value being -4.0 for Re{n} with their corresponding coordinates { . λ, . λ} and { . λ, . λ}. The innermost contour line changes into one circle with its central coordinate { . λ, . λ} in Figure 4(b) , and the corresponding value of Re{n} is -3.5. When ∆p is tuned by . γ and . γ, the innermost contour lines are still homogeneous and isotropic circles with the same centre coordinate { . λ, . λ} in Figure 4 From the above discussions of Figures 2, 3 and 4, we can see that the real parts of relative permittivity Re{εr}, permeability Re{µr} and refraction index Re{n} of the atomic system are sensitive to the probe detuning when the the weak probe light eld is placed far of resonance. This is mainly due to the suppression of the spontaneous emission, which is caused by the eld-induced interference e ect.
Conclusion
We suggested a new scenario for 2-D isotropic NRI via two orthogonal standing-wave elds coupling two di erent atomic transitions in the N-type atomic system. In the x-y plane the simultaneously negative permittivity and permeability exhibit, which means the left-handedness in the N-type atomic system. What's more, Re{n}=-3.5, -3.0, -2.5 are both homogeneous and isotropic in the x-y plane in the same frequency band. Our scheme proposes a new scenario of 2-D isotropic NRI which may give an impetus to some potential advantages or applications. The proposed 2-D isotropic NRI media in our scheme should be paid more attention from both theoretically and experimentally in the near future.
